Bacterial strains ZYY136 T and ZYY9 were isolated from surface-sterilized rice roots from a long-term experiment of rice-rice-Astragalus sinicus rotation. The 16S rRNA gene sequences of strains ZYY136 T and ZYY9 showed the highest similarity, of 97.0 %, to Rhizobium tarimense PL-41 T . Sequence analysis of the housekeeping genes recA, thrC and atpD clearly differentiated the isolates from currently described species of the genus Rhizobium. The DNA-DNA relatedness value between ZYY136 T and ZYY9 was 82.3 %, and ZYY136 T showed 34.0 % DNA-DNA relatedness with the most closely related type strain, R. tarimense PL-41 T . The DNA G+C content of strain ZYY136 T was 58.1 mol%. The major cellular fatty acids were summed feature 8 (C 18 : 1 v7c and/or C 18 : 1 v6c), C 16 : 0 and C 16 : 0 3-OH. Strains ZYY136 T and ZYY9 could be differentiated from the previously defined species of the genus Rhizobium by several phenotypic characteristics. Therefore, we conclude that strains ZYY136 T and ZYY9 represent a novel species of the genus Rhizobium, for which the name Rhizobium oryzicola sp. nov. is proposed (type strain ZYY136 T 5ACCC 05753 T 5KCTC 32088 T ).
Rhizobium (Frank, 1889) was the first and the only described rhizobial genus, named for its symbiotic association with members of the Leguminosae. However, in recent years, a variety of rhizobia have been isolated from roots of cereal crop plants, soil and water, rather than nodules on leguminous plants (García-Fraile et al., 2007; Quan et al., 2005; Singh et al. 2006; Sullivan et al., 1996; Zhang et al. 2011 Zhang et al. , 2012 . Endogenous rhizobia have been isolated from different varieties of rice in different areas, mainly including Rhizobium leguminosarum, Rhizobium loti, Rhizobium oryzae, Bradyrhizobium elkanii, Bradyrhizobium japonicum, Azorhizobium caulinodans, Ensifer (Sinorhizobium) meliloti, Mesorhizobium huakuii and former species of the genus Agrobacterium (Mano & Morisaki, 2008) . Rhizobia colonize root, stem and leaf tissue of rice but do not form real nodules (Dakora, 2003) . At the time of writing, the genus of Rhizobium contained at least 71 recognized species (www.bacterio.net). In this paper, we report on the taxonomy of two novel rice growth-promoting rhizobial strains, ZYY136 T and ZYY9, which were isolated from rice roots during studies of the effects of long-term winter-growing green manure plants on microbial diversity. Samples were taken from a 30-year long-term experiment in the Key Field Monitoring Experimental Station for Red Soil Eco-environment of Ministry of Agriculture, located at Qiyang County of Hunan Province, China. Surface disinfection of rice roots was performed according to the methods of Sun et al. (2008) : the samples were washed with tap water, then immersed in 70 % alcohol for 3 min, washed with fresh sodium hypochlorite solution (2.5 % available Cl 2 ) for 5 min, rinsed with 70 % alcohol for 30 s, and finally washed 5-7 times with sterile water. Aliquots of the final rinsing water were spread on R2A (Difco) and tryptic soy agar (Difco) solid medium plates and cultured for 3 days at 28 8C to detect bacterial colonies, in order to examine the effect of the surface disinfection. Methods of isolation and purification of endophytic bacteria were described previously (Zhang et al., 2011) . More than 200 strains were isolated from rice roots. Among those strains, ZYY136 T and ZYY9 had the same 16S-ARDR (amplified rDNA gene restriction analysis) fingerprints and were identified as representatives of a potentially novel species of the genus Rhizobium.
According to the manufacturer's protocol, genomic DNA of strains ZYY136 T , ZYY9 and reference strains was isolated from pure cultures using a DNA extraction kit (Transgen). PCR for 16S rRNA gene was performed using universal primers 27F and 1492R according to the method of Lane (1991) . To overcome the limitation of sequence mosaicism caused by lateral transfer and genetic recombination, sequence analysis of suitable housekeeping genes might be required for reliable classification (Gevers et al., 2005; Stackebrandt et al., 2002) . More than ten housekeeping genes have been used in the phylogenetic analyses of species of the genus Rhizobium, such as atpD, dnaK, gap, glnA, gln II, gltA, gyrB, pnp, recA, rpoB and thrC (García-Fraile et al., 2007; Martens et al., 2007 Martens et al., , 2008 Vinuesa et al., 2005) . We selected atpD, recA and thrC in this study. PCR amplification and partial sequencing of these housekeeping genes were undertaken according to the method of Martens et al. (2007 Martens et al. ( , 2008 . The sequences were aligned with those of related species of the genus Rhizobium using CLUSTAL X version 1.83 (Thompson et al., 1997) . Aligned sequences were analysed using MEGA 6.0 software to reconstruct trees. A distance matrix method (distance options according to the Kimura two-parameter model), and clustering by maximum-likelihood and neighbour-joining methods were used (Tamura et al., 2013) . The robustness of the tree topologies was calculated by bootstrap analysis based on 1000 replications (Felsenstein, 1985) . PCR amplification of the nifH genes was performed using primers and conditions as described by Laguerre et al. (2001) and Raja et al. (2006) . The nodC, nodA and nodD genes were analysed according to the method of Rashid et al. (2012) .
To determine DNA-DNA relatedness and DNA base composition, total DNA was extracted from each strain using the method of Marmur (1961) . DNA-DNA hybridization was performed using the initial renaturation rate method (De Ley, 1970) . The DNA G+C content was determined by the thermal denaturation method of Marmur & Doty (1962) , with Escherichia coli K-12 used as the standard.
The 16S rRNA genes were amplified and sequenced for strains ZYY136 T and ZYY9 and their similarity was 100 %. They were closely related to Rhizobium tarimense PL-41 T , Rhizobium petrolearium SL-1 T and Rhizobium alkalisoli CCBAU 01393 T with gene sequence similarities of 97.0 %, 96.7 % and 96.6 %, respectively. The 16S rRNA gene sequences of strains ZYY136 T and ZYY9 formed a separated clade with known species of the genus Rhizobium ( Fig. 1 and Figs S1 and S2, available in the online Supplementary Material). These data clearly demonstrated that the two strains were members of the genus Rhizobium. The similarities between the housekeeping gene sequences of the new strains and those of recognized species of the genus Rhizobium were less than 90 %, and the phylogenetic tree reconstructed using the concatenated housekeeping genes showed that ZYY136 T and ZYY9 formed a phylogenetic cluster with type strains in the genus Rhizobium (Figs. 2 and S3). Both 16S rRNA gene and housekeeping genes phylogenetic trees demonstrated that strains ZYY136 T and ZYY9 had the closest phylogenetic relationships with members of the genus of Rhizobium but they did not belong to any known species. The DNA-DNA relatedness value between ZYY136 T and ZYY9 was 82.3 %, which is above the species threshold of 70 %, indicating that they are the same genomic species. Strain ZYY136 T showed 34.0 % DNA-DNA relatedness with the most related strain, R. tarimense PL-41 T , which was much lower than the species threshold. These results suggested that the genomic species represented by strain ZYY136 T was different from any defined species. The DNA G+C content of strain ZYY136 T (58.1 mol%) also fell within the range reported for the genus Rhizobium (Jordan, 1984) . Cellular fatty acids have been used to describe and identify the species of the genus Rhizobium (Tighe et al., 2000) . The cellular fatty acid compositions were affected by the type of medium as well as the time and temperature of incubation. In this study, ZYY136 T , ZYY9 and reference strains R. tarimense PL-41 T and R. petrolearium SL-1 T were incubated under the same conditions. After 2 days of incubation at 30 8C on yeast mannitol agar (YMA) (Vincent, 1970) , the cells were harvested and fatty acid methyl esters were prepared and separated using previously described methods (Sasser, 1990) . Cellular fatty acids were identified using the MIDI Sherlock Microbial Identification System (Library RTSA6 6.0, MIDI Sherlock software package, version 6.0). The cellular fatty acid compositions of ZYY136 T , ZYY9 and reference strains are illustrated in Table 1 . C 18 : 1 v7c and/or C 18 : 1 v6c (summed feature 8) were the major fatty acids. The fatty acid C 18 : 1 2-OH was detected only in the novel strains and R. petrolearium SL-1 T but not in R. tarimense PL-41 T . Summed feature 3 was found in the novel strains and R. tarimense PL-41 T , but not in R. petrolearium SL-1 T . C 16 : 0 , C 19 : 0 cyclo v8c and summed feature 8 were found in all strains tested. To our knowledge, C 16 : 0 and summed feature 8 are detected as the main fatty acids in species of the genus Rhizobium, although the proportions vary in different species.
Phenotypic characterization of the strains was based on growth with different sole carbon and nitrogen sources, the production of enzymes, Gram-staining reaction and motility, as described by Dong & Cai (2001) and Gao et al. (1994) . The temperature range for growth was determined by incubating cultures on YMA at 4, 10, 30, 37, 45 and 50 8C. The pH range was determined in the same medium with a final pH between 4.0 and 11. The pH value was adjusted by addition of 1 M HCl or 1 M NaOH to sterilized YMA. Salt tolerance was studied on YMA containing 0-5 % (w/v) NaCl. R. tarimense PL-41 T , R. petrolearium SL-1 T were used as reference strains in phenotypic characterization studies. Gram staining showed negative and cells were rod-shaped, without spores. The utilization of sole carbohydrate and nitrogen sources was determined as described by Gao et al. (1994) . Briefly, carbohydrate utilization was determined on the medium of White (1972) , which contained the trace elements of medium Cs7 (Pagan et al., 1975) . Utilization of nitrogen sources was examined using the same medium, except that NaNO 3 was replaced with various nitrogen sources. Selecting 28 carbon sources and 10 nitrogen sources for single carbon and nitrogen source experiments in this study, results showed that ZYY136 T and ZYY9 could use the majority of carbon sources and nitrogen sources. There were positive reactions for catalase, oxidase and urease, but negative reactions for L-phenylalanine ammonia-lyase and 3-ketolactose production. There was no growth in nutrient broth. The novel strains showed many similar phenotypic characteristics with their closest relatives, but there were a few differences (see Table 1 ). To assess symbiotic potential, a nodulation test was performed using Astragalus sinicus and other common leguminous species, such as Medicago truncatula, Vigna radiata, Glycine max and Vicia sativa. The symbiotic strains Mesorhizobium huakuii ACCC 13069 and Ensifer meliloti ACCC 17674 were taken as positive controls for Astragalus sinicus and Medicago truncatula, respectively. The methods of seed surface disinfection, germination and inoculation and the conditions of plant growth are described in our previous work (Zhang et al., 2012) . The inoculated plants were allowed to grow for 1 month before being checked for signs of root nodulation. The strains ZYY136 T and ZYY9 were isolated from the rice roots of the long-term rice-Astragalus sinicus rotation experimental plots. Although both Astragalus sinicus and Medicago truncatula inoculated with the positive control developed nodules, nodules were not detected on any of ZYY136 T -and ZYY9-inoculated plants. The nifH, nodC, nodA and nodD genes were also not detected in the strains.
Based on the results obtained in this study, strains ZYY136 T and ZYY9 represent a novel lineage of the genus Rhizobium. This species can be differentiated genotypically and phenotypically from recognized species. Therefore, we propose that strains ZYY136 T and ZYY9 represent a novel species of the genus Rhizobium, for which the name Rhizobium oryzicola sp. nov. is proposed.
Description of Rhizobium oryzicola sp. nov. Cells are Gram-stain-negative, aerobic and motile rods. Colonies are semi-translucent, opalescent, convex and round with clear margins on YMA. The optimum temperature for growth is 28 uC. Growth occurs at 10-45 uC, pH 5-10 and with 0-2 % NaCl (w/v). Positive for catalase, oxidase, urease, glucose fermentation and nitrate reduction and negative for L-phenylalanine ammonia-lyase and 3ketolactose production. No growth occurs in nutrient broth. D-Arabinose, dextrin, fructose, (+)-D-galactose, inositol, lactose, calcium malate, maltose, D-mannitol, melezitose, melibiose, sodium pyruvate, rhamnose, sodium acetate, D-sodium gluconate, sodium succinate, D-sorbitol, sucrose, sodium tartrate, trehalose, xylose, DL-asparagine, L-methionine and L-threonine can be used as sole carbon sources but inulin, starch and glycine cannot. DL-Alanine, L-arginine, L-cystine, D-glutamic acid, L-lysine, L-phenylalanine, D-threonine and D-valine can be utilized as sole nitrogen sources but glycine and L-threonine cannot. The main cellular fatty acids are summed feature 8 (C 18 : 1 v 7c and/or C 18 : 1 v 6c), C 16 : 0 and C 16 : 0 3-OH.
Type strain, ZYY136 T (5ACCC 05753 T 5KCTC 32088 T ), was isolated from rice roots in the Key Field Monitoring Experimental Station for Red Soil Eco-environment of Ministry of Agriculture, Qiyang County of Hunan Province, China. The DNA G+C content of the type strain is 58.1 mol% (T m ).
